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Synopsis 

GNA01 (guanine nucleotide-binding protein, a-activating activity polypeptide 0) is a member of the subunit family of 
Ga proteins, which are molecular switchers controlling signal transductions and whose deregulation can promote 
oncogenesis. HCC (hepatocellular carcinoma) is one of the malignant tumours around the world, which summons 
novel biomarkers or targets for effective diagnosis and treatments. The present study was aimed to investigate the 
expression of GNA01 in HCC patient tissues and the possible mechanisms by which it took effects. The expression 
of GNA01 was detected by IHC (immunohistochemistry) and real-time qPCR (quantitative PCR). Cell proliferation test 
and cell senescence test were then performed to explore the role of GNA01 in the occurrence and development of 
HCC. It was revealed that the level of GNA01 was comparably less in HCC tissues than in the adjacent tissues. 
Furthermore, down-regulation of GNA01 increased cell proliferation, while suppressing the senescence of HCC cells. 
In conclusion, our findings revealed and confirmed the importance of GNA01 in HCC, indicating that GNA01 is a 
potential biomarker as well as a promising therapeutic target for HCC. 
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INTRODUCTION 



HCC (hepatocellular carcinoma) is one of the common malig- 
nant tumours around the world, and its global incidence rate 
has already exceeded 1 million per year [1]. China has always 
been the high incidence area of HCC worldwide, which is about 
10 times more than the U.S. and Europe [1]. Because of its 
high malignancy and rapid progression, diagnoses are frequently 
made at an advanced stage. Nonetheless, there has been no ef- 
fective treatment programme yet. Cytotoxic drugs usually show 
poor therapeutic effect. Therefore, it is particularly important to 
study the HCC-causing genes and pathogenic mechanism so as to 
improve the multi-stage HCC diagnosis, drug development and 
clinical treatment. 

GNAOl (guanine nucleotide-binding protein, a -activating 
activity polypeptide O; G-a-o, gene name) [2-4] is a member of 
the subunit family of Ga proteins, which are molecular switch- 
ers controlling signal transductions and whose deregulation can 
promote oncogenesis [5]. GNAOl was reported to be highly 



expressed in the cerebrum and enriched obviously in the growth 
cones of neuronal cells [6]. It was also found to be differen- 
tially expressed in the DLPFC (dorsolateral prefrontal cortex) of 
human cocaine-dependent subjects [7]. 

Except in neuropsychiatry, the molecular and cellular role of 
GNAOl has not been thoroughly investigated. As an active con- 
stituent of G-protein, G-a-o is widely believed to couple with, 
and mediates the physiological effects of, a variety of neur- 
onal receptors, such as GABA (y-aminobutyric acid) receptor 
B, dopamine D2 receptors and somatostatin receptors [8]. Ac- 
tivated G-a-o was able to alter the activity of an intracellular 
second messenger system cascade composed of AC (adenylate 
cyclase), cAMP and PKA (cAMP-dependent protein kinase) 
[9-12]. Its expression was also significantly down-regulated 
and is responsible for the regulation of myocardial intracellular 
calcium [13]. 

As for disease association, except neuropsychopathy, GNAOl 
has not been thoroughly investigated, either. It was found to be 
significantly reduced in schizophrenia [8]. Its association with 
neuroglioma has also been revealed [14]. 



Abbreviations used: CCK-8, cell counting kit-8; DMEM, Dulbecco's modified Eagle's medium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GNAOl, guanine nucleotide-binding 
protein, a-activating activity polypeptide 0; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; NC, negative control; NTC, non-transfected control; qPCR, quantitative PCR; RT, 
reverse transcription; siRNA, small-interfering RNA; SA-/J-gal, senescence-associated /J-galactosidase. 
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The functional role of mutant GNAOl in oncogenesis was 
studied by Kan, et al., who indicated that GNAOl might be a 
tumour suppressor gene [15]. Recently, differential gene expres- 
sion pattern in HCC was evaluated. Jia, et al. who performed an 
integrated CNA (chromosomal copy number alteration) analysis 
and gene expression data, and found that GNAOl may play an 
important role in the pathogenesis of HCC [16]. According to 
these reports, we hypothesized that GNAOl is probably a novel 
tumour suppressor gene in HCC. Consequently, to verify our hy- 
pothesis, we utilized IHC (immunohistochemistry) and real-time 
qPCR (quantitative PCR) analysis of tissue samples in this study. 
Furthermore, we explored and evaluated the role of GNAOl in 
the occurrence and development of HCC in cell model, includ- 
ing cell proliferation and senescence [17], hoping to explain its 
evident relation to HCC. 



MATERIALS AND METHODS 

Frozen tissues and tissue slides 

The frozen tissues and the formalin-fixed and paraffin-embedded 
tissue sections (patient specimens) of HCC patients were obtained 
from archived files in our department according to the protocol 
approved by the Ethic Review Committee of Huashan Hospital. 
20 pairs of cancerous and paired adjacent non-cancerous tissues 
from each patient were enrolled. 

RNA extraction, RT (reverse transcription) and 
real-time qPCR 

Total RNA was isolated from frozen tissues by TRI Re- 
agent (Sigma- Aldrich) according to the manufacturer's in- 
structions. Synthesis of cDNA was conducted with 500 ng 
of total RNA using high capacity cDNA Reverse Transcrip- 
tion Kit (Applied Biosy stems). It was initiated by pretreat- 
ment at 25 °C for lOmin, followed by incubation at 37 °C 
for 120 min and terminated by heating at 85 °C for 5 min. 
Real-time qPCR (10 /xl reaction volume) was carried out us- 
ing SYBR R Premix Ex Taq (Perfect Real Time, Takara) accord- 
ing to the manufacturer's protocol in an Applied Biosy stems 
7500 sequence detection system. GAPDH (glyceraldehyde-3- 
phosphate dehydrogenase) was used as internal reference for 
the normalization of the results. The primer sequences were 
as follows: 5 ' - GC ACC ATTGTG A AGC AG ATG- 3 ' (GNAOl for- 
ward), S'-ACCATATTCGATGCCCAAAG-S' (GNAOl reverse), 
5' -GAAGGTGAAGGTCGGAGTC-3 ' (GAPDH forward) and 
5 ' - G A AG ATGGTG ATGGG ATTTC - 3 ' (GAPDH reverse). 



To retrieve antigens, tissue sections were incubated in 3 % H 2 0 2 
for 20 min. After washing in distilled water three times, tissue 
sections were incubated in sodium citrate buffer (pH 6.0; pre- 
heated to 95 °C for 5 min) at 95 °C for 15 min. After cooling 
down to room temperature, they were washed with PBS solution 
three times for 5 min each. 

Tissue sections were probed with GNAOl antibody (1:100 
dilution) for 1-2 h. After two washes with PBS, the tissue sec- 
tions were incubated with secondary antibody for 1 h and sub- 
sequently treated with DAB (diaminobenzidine) peroxidase 
substrate (Dako) solution for colour development. 

Counterstaining of cell nuclei in tissue sections for morpholo- 
gical confirmation was performed with the haematoxylin solution 
for 1 min and then rinsed with distilled water. After sealed with 
natural gum, the sections were air dried and examined under a 
microscope. 

Cell culture and the siRNAs (small interfering 
RNAs) 

Human liver cancer cell line QGY-7703 and human HCC cell line 
SMMC-7721 (Cell Resource Center of Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences, Shanghai, 
China) was used to evaluate the cellular effects of the deficient 
expression of GNAOl. The siRNA sequences for GNAOl and 
NC (negative control) were as follows: 5 -GCAGAUGAAGAUC- 
AUCCAUTT-3' (siGNAOl-1 sense), S'-AUGGAUGAUCUU- 
CAUCUGCTT-3' (siGNAOl-1 anti-sense), 5'-GGGCAUCGAA- 
UAUGGUG AUTT- 3 ' (siGNAOl-2 sense), 5'-AUCACCAUAU- 
UCGAUGCCCTT-3' (siGNAOl-2 anti-sense), 5'-UUCUCCG- 
AACGUGUC ACGUTT-3 ' (NC sense) and 5'-ACGUGACA- 
CGUUCGG AG A ATT- 3 ' (NC anti-sense). Cells without trans- 
fection were used as NTC (non-transfected control). 



Western blotting to confirm the inhibitory effect of 
GNAOl siRNAs 

Cell lysates were loaded on a SDS/10%PAGE and transferred 
onto PVDF membrane. After blocking with 5 % non-fat dried 
skimmed milk, the membranes were incubated in the primary 
antibody at 4°C overnight. After washing three times by TBST 
(Tris-buffered saline and Tween 20), the membranes were in- 
cubated in HRP (horseradish peroxidase)-conjugated secondary 
antibody (Cell Signaling Technology) for 2 h at room temper- 
ature. Protein bands were visualized using Immobilon Western 
Chemiluminescent Substrate (Millipore) and detected by chemi- 
luminescence imaging system LAS3000 (Fuji) according to the 
manufacturer's instructions. 



IHC analysis of GNAOl in fixed tissue sections 

The polyclonal rabbit anti-human GNAOl antibody was pur- 
chased from Proteintech. Secondary antibody staining kit was 
purchased from Dako. The tissue sections were deparaffinized 
twice in xylene for 10 min each, successively washed with 100 %, 
95 %, 85 % and 70 % ethanol, and then rinsed in distilled water. 



Cell proliferation test 

Twenty-four h before transfection, 3000 cells were plated in each 
well of a 96-well plate. By adding 0.175 /xl Lipofectamine™ 
2000 (Invitrogen), 3.5 pmol of siRNA was transfected into the 
cells according to the manual of Lipofectamine™ 2000. The 
medium was changed to full DMEM-h (Dulbecco's modified 
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Eagle's medium with high glucose, Invitrogen) after 4 h. After 
24, 48, 72 or 96 h, the medium was changed to 100 ul fresh 
DMEM-h with an addition of 10 ul CCK-8 (cell counting kit-8) 
reagent (Dojindo). After 4 h of incubation, the data of absorbance 
value which is in accordance with the cell proliferation rate was 
measured by a microplate reader (Bioteck). Each experiment was 
performed three times independently. 

Cell senescence test 

Cell senescence was assessed by detecting the SA-/?-gal activ- 
ity at pH 6.0. Briefly, 24 h before transfection, 3xl0 4 cells 
were plated in each well of a 24- well plate. By adding 0.7 /xl 
Lipofectamine™ 2000, 14pmol of siRNA was transfected into 
the cells according to the manual of Lipofectamine™ 2000. The 
medium was changed to full DMEM-h after 4 h. After 72 h, it 
was washed with PBS and successively incubated with the fix- 
ing and working solution of SA-/3-gal (senescence-associated 
/3-galactosidase) staining kit (Sigma- Aldrich Corporation) ac- 
cording to the manufactory's manual. The staining degree was 
reviewed and photographed under a general optical microscope. 



RESULTS 



The down-regulation of GNAOl in mRNA and protein 
levels in cancerous tissues 

Frozen tissues (cancerous and paired adjacent non-cancerous) 
from a total of 17 subjects were tested for the GNAOl ex- 
pression level by RNA isolation, RT and real-time qPCR. In- 
spiringly, the down-regulation of GNAOl mRNA transcript was 
observed in 16 out of 17 frozen cancerous tissues compared 
with the adjacent non-cancerous tissues of the same subject. 
The overall down-regulation of GNAOl mRNA level as mix- 
ing the data from all the subjects was also confirmed (Expres- 
sion fold ± S.D = 19.04 ± 8.33 %), the p value was 4.69 x 10 " 6 
(<0.0001) (Figure 1A). 

By IHC, we studied and compared the protein levels of 
GNAOl in 20 pairs of cancer and adjacent non-cancerous tis- 
sues in formalin-fixed and paraffin-embedded tissue slides. The 
protein expression was comparably less in cancer tissues. The re- 
maining GNAOl staining in cancer cells mostly appeared close 
to the inner side of the cell membrane (Figure IB and 1C). 

Down-regulation of GNAOl increases the 
proliferation of HCC cells 

To observe the effect of GNAOl on the HCC cells, two GNAOl 
siRNA sequences were designed and transfected into QGY and 
7721 cells. Through Western blot analysis (Figure 2), siGNAOl- 
1 and siGNAOl-2 both showed apparent suppression effect on 
GNAOl and were used for the following studies. The cell prolif- 
eration was evaluated by CCK-8 assay (Figure 3). In the 96 h ob- 
servation, we found that after 72 h of transfection, the cell prolif- 
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Figure 1 Expression of GNAOl in HCC and para-tumour tissue 

Relative expression of GNAOl gene in frozen cancerous tissues and 
the adjacent non-cancerous tissues is shown in Panel A. mRNA level 
of GNAOl gene in cancer was determined with quantitative RT-PCR 
using human GAPDH as a house-keeping gene control, and expressed 
in percentage of mRNA level of non-tumour tissue. '****' stands for 
P value less than 0.0001. Representative immunohistochemical im- 
ages (brown colour) of GNAOl are shown in liver cancer tissue (B) and 
para-tumoural tissue (C), and are marked with black arrows (cancer 
cells) and white thick arrows (non-tumoural tissue). The tissues were 
counter-stained with haematoxylin for nuclei. Magnification: x200. 



eration was comparably faster in cells transfected with siGNAOl- 
1 and siGNAOl-2, in which the protein expression of GNAOl 
was remarkably inhibited, than that in cells transfected with NC 
(P < 0.05). 



Down-regulation of GNAOl suppresses the 
senescence of HCC cells 

Cell senescence is described as irreversible cell cycle arrest. 
Aside from growth arrest, senescent cells demonstrate charac- 
teristic metabolic changes, such as elevated SA-^-gal [17]. In 
yS-gal staining assay, after 72 h of transfection, a lower propor- 
tion of senescent cells was observed in the group transfected with 
GNAOl siRNA compared with that in the group of NC and NTC 
(Figure 4), indicating that down-regulation of GNAOl inhibited 
the senescence of HCC cells. 
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Figure 2 The inhibitory effect of GNAOl gene expression by 
siRNAs in two human liver cancer cell lines: QGY-7703 and SMMC- 
7721 

The cells were transfected with scrambled siRNA (NC) or without siRNA 
against human GNAOl. The protein level of GNAOl in these cells 3 days 
after transfection was determined by Western blot analysis. Compared 
with scramble RNA, siGNA01-l and siGNA01-2 were shown to remark- 
ably suppress GNAOl expression at the protein level. 



DISCUSSION 



In the study of Jia et al. [16], the mRNA level of GNAOl was 
also evaluated in tissues from HCC patients. In their study, all 
data was grouped into cancer and non-cancer and the difference 
was compared between these two groups. Whether the difference 
held in the paired tissues of each subject was not known. In our 
study, the difference was evaluated in each subject and we found 
that it held in almost all the subjects. 

In this study, we have demonstrated a potential anticancer 
effect of GNAOl on HCC and also provided data to suggest 
its possible mechanism. First of all, the relative expression of 
GNAOl in HCC and adjacent non-cancerous tissues was estim- 
ated using real-time qPCR and IHC. Expectedly, the results of 
the two experiments were consistent, which demonstrated that the 
expression of GNAOl was comparably less in HCC. Further- 
more, in immunochemistry of HCC and adjacent non-cancerous 
tissue slices, we investigate the expressional position of GNAOl 
protein. It was observed that GNAOl proteins mostly appeared 
close to the inner side of the cell membrane. 

To further investigate the mechanisms, we examined the func- 
tion of GNAOl by cell proliferation and cell senescence tests. 
Our data demonstrated that, importantly, the cell proliferation 
was comparably faster resulting from the absence of GNAOl, 
which manifested that GNAOl was able to reduce cell growth. 
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Figure 4 Cell senescence was stained by /?-gal staining after 
transfection with NC, GNAOl siRNA (siGNAOl-1 or siGNAOl-2) or 
without transfection 

Senescence in both QGY-7703 (upper panel) and SMMC-7721 (lower 
panel) were inhibited by siRNA transfection when compared with those 
transfected with scrambled siRNA. 



We also found that, when the cells were transfected with GNAOl 
siRNA, the percentage of senescent cells was comparably less 
than that in the NC group. The effects of siRNA mediated knock- 
down of GNAOl were not all-or-none, which was partially attrib- 
uted to the insufficient transfection efficiency. However, as only 
one gene is altered, magnificent changes should not be expected. 
All these results supported that GNAOl played a crucial role in 
the pathogenesis of HCC. It was strongly suggested that GNAOl 
functioned as a negative regulator or tumour suppressor in HCC 




Figure 3 Cell proliferation test of QGY-7703 (upper panel) and SMMC-7721 (lower panel) after transfection with GNAOl 
siRNAs (siGNAOl-1 and siGNAOl-2), scrambled siRNA (NC) or without transfection (NTC) 

The cell proliferation was determined by CCK-8 and expressed by absorbance. Cells transfected with GNAOl siRNA were 
apparently grown faster than control groups, especially 48 h after transfection. 
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and the mechanism of its anticancer effect involved the inhibition 
of cell growth and the induction of cell senescence. Our findings 
provided a better understanding of the role of GNAOl in the oc- 
currence and development of HCC, which indicated that it was 
appropriate to be a new candidate biomarker as well as a potential 
therapeutic target of HCC. 

To develop the clinical use of GNAOl, further studies may be 
required to investigate its role in cell signalling pathway. As a 
part of G protein, GNAOl may have relations with OPRM1 and 
FZD2, which are G protein related upstream receptor and down- 
stream effective module, respectively. OPRM1 gene encodes the 
mu-opioid receptor, which is a member of the opioid family of 
GPCRs (G-protein-coupled receptors) [18] and affects calcium 
current and potassium ion conductance [19,20]. FZD2 is a re- 
ceptor of Wnt receptor pathway, which seems to be involved in 
the interactions with G-proteins [21,22]. 

In conclusion, we analysed the expression of GNAOl in HCC 
and found that GNAOl was down-regulated in cancerous tis- 
sues. We also investigated the value of the down-regulation of 
GNAOl in HCC and revealed that it promoted cell proliferation 
and inhibited cell senescence. Indicatively, our findings offered a 
potential driving role in hepatic carcinogenesis, which suggested 
that GNAOl could be a new biomarker as well as a promising 
therapeutic target for HCC. Our findings may facilitate the un- 
derstanding of the molecular mechanisms of HCC. 



AUTHOR CONTRIBUTION 

Xiaoyu Pei and Jun Zhang contributed equally to this work, designed 
the study, performed the experiments, analysed the data, and wrote 
the original manuscript and the subsequent revision; Lijun Wu, 
Bin Lu and Xiaojiao Zhang were involved in the experiments of 
cell culture and cellular assays; Dongqin Yang participated in the 
collection of tissue samples and was involved in the reviewing of the 
manuscript; Jie Liu was involved in the study design and reviewed 
all versions of the manuscript. 



ACKNOWLEDGEMENT 

This work was supported by the National Natural Science Found- 
ation of China [grant numbers 81125001, 91129702 and 
81161120431] and the Ministry of Science and Technology of 
China [grant number 2010CB732405]. 



REFERENCES 



1 Parkin, D. M., Bray, R, Ferlay, J. and Pisani, P (2005) Global cancer 
statistics, 2002. CA Cancer J. Clin. 55, 74-108 

2 Kest, B., Smith, S. B., Schorscher-Petcu, A., Austin, J. S., Ritchie, 
J., Klein, G., Rossi, G. C, Fortin, A. and Mogil, J. S. (2009) GNAOl 
(G aO protein) is a likely genetic contributor to variation in physical 
dependence on opioids in mice. Neuroscience 162, 1255-1264 



3 Camateros, P, Marino, R., Fortin, A., Martin, J. G., Skamene, E., 
Sladek, R. and Radzioch, D. (2010) Identification of novel 
chromosomal regions associated with airway hyperresponsiveness 
in recombinant congenic strains of mice. Mamm. Genome 21, 
28-38 

4 Lamberts, J. T., Jutkiewicz, E. M., Mortensen, R. M. and Traynor, 

J. R. (2011) /x-Opioid receptor coupling to Ga(o) plays an important 
role in opioid antinociception. Neuropsychopharmacology 36, 
2041-2053 

5 Garcia-Marcos, M., Ghosh, P and Farquhar, M. G. (2011) Molecular 
basis of a novel oncogenic mutation in GNAOl. Oncogene 30, 
2691-2696 

6 Tang, W., Tu, Y, Nayak, S. K., Woodson, J., Jehl, M. and Ross, 
E. M. (2006) Gbetagamma inhibits Galpha GTPase-activating 
proteins by inhibition of Galpha-GTP binding during stimulation by 
receptor. J. Biol. Chem. 281, 4746-4753 

7 Lehrmann, E., Oyler, J., Vawter, M. P, Hyde, T. M., Kolachana, B., 
Kleinman, J. E., Huestis, M. A., Becker, K. G. and Freed, W. J. 
(2003) Transcriptional profiling in the human prefrontal cortex: 
evidence for two activational states associated with cocaine 
abuse. Pharmacogenomics J. 3, 27-40 

8 Vawter, M. P, Ferran, E., Galke, B., Cooper, K., Bunney, W. E. and 
Byerley, W. (2004) Microarray screening of lymphocyte gene 
expression differences in a multiplex schizophrenia pedigree. 
Schizophr. Res. 67, 41-52 

9 Liu, J. G. and Anand, K. J. (2001) Protein kinases modulate the 
cellular adaptations associated with opioid tolerance and 
dependence. Brain Res. Brain Res. Rev. 38, 1-19 

10 Nestler, E. J. (2004) Historical review: molecular and cellular 
mechanisms of opiate and cocaine addiction. Trends Pharmacol. 
Sci. 25, 210-218 

11 Defer, N., Best-Belpomme, M. and Hanoune, J. (2000) Tissue 
specificity and physiological relevance of various isoforms of 
adenylyl cyclase. Am. J. Physiol. Renal Physiol. 279, F400-F416 

12 Hyman, S. E., Malenka, R. C. and Nestler, E. J. (2006) Neural 
mechanisms of addiction: the role of reward-related learning and 
memory. Annu. Rev. Neurosci. 29, 565-598 

13 Hasdemir, C, Aydin, H. H., Celik, H. A., Simsek, E., Payzin, S., 
Kayikcioglu, M., Aydin, M., Kultursay, H. and Can, L. H. (2010) 
Transcriptional profiling of septal wall of the right ventricular 
outflow tract in patients with idiopathic ventricular arrhythmias. 
Pacing Clin. Electrophysiol. 33, 159-167 

14 Karnoub, A. E. and Weinberg, R. A. (2008) Ras oncogenes: split 
personalities. Nat. Rev. Mol. Cell Biol. 9, 517-531 

15 Kan, Z., Jaiswal, B. S., Stinson, J., Janakiraman, V., Bhatt, D., 
Stern, H. M., Yue, P, Haverty, P M., Bourgon, R., Zheng, J. et al. 
(2010) Diverse somatic mutation patterns and pathway alterations 
in human cancers. Nature 466, 869-873 

16 Jia, D., Wei, L, Guo, W., Zha, R., Bao, M., Chen, Z., Zhao, Y, Ge, 
C, Zhao, F, Chen, T. et al. (2011) Genome-wide copy number 
analyses identified novel cancer genes in hepatocellular 
carcinoma. Hepatology 54, 1227-1236 

17 Campisi, J. and d'Adda di Fagagna, F. (2007) Cellular senescence: 
when bad things happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 
729-740 

18 Scherrer, S. S., Cesar, P F. and Swain, M. V. (2010) Direct 
comparison of the bond strength results of the different test 
methods: a critical literature review. Dent. Mater. 26, e78- 
e93 

19 Choi, H. S., Kim, C. S., Hwang, C. K., Song, K. Y, Wang, W., Qiu, 
Y, Law, P Y, Wei, L. N. and Loh, H. H. (2006) The opioid ligand 
binding of human mu-opioid receptor is modulated by novel splice 
variants of the receptor. Biochem. Biophys. Res. Commun. 343, 
1132-1140 

20 Gris, P, Gauthier, J., Cheng, P, Gibson, D. G., Gris, D., Laur, 0., 
Pierson, J., Wentworth, S., Nackley, A. G., Maixner, W. and 
Diatchenko, L. (2010) A novel alternatively spliced isoform of the 
/x-opioid receptor: functional antagonism. Mol. Pain 6, 33 



© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 759 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 




X. Pei and others 



21 Lagerstrom, M. C. and Schioth, H. B. (2008) Structural diversity of 22 Karim, R., Tse, G., Putti, T., Scolyer, R. and Lee, S. (2004) The 
G protein-coupled receptors and significance for drug discovery. significance of the Wnt pathway in the pathology of human 

Nat. Rev. Drug Discov. 7, 339-357 cancers. Pathology 36, 120-128 



Received 3 January 2013/31 July 2013; accepted 21 August 2013 

Published as Immediate Publication 29 August 2013, doi 10.1042/BSR20130001 



760 © 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 

which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



